Our conception of programmed cell death has expanded beyond apoptosis to encompass additional forms of cell suicide, including necroptosis and pyroptosis; these cell death modalities are notable for their diverse and emerging roles in engaging the immune system. Concurrently, treatments that activate the immune system to combat cancer have achieved remarkable success in the clinic. These two scientific narratives converge to provide new perspectives on the role of programmed cell death in cancer therapy. This review focuses on our current understanding of the relationship between apoptosis and antitumor immune responses and the emerging evidence that induction of alternate death pathways such as necroptosis could improve therapeutic outcomes.
Facts
• Several signaling pathways have been defined for specific forms of cell death, including apoptosis and necroptosis.
• Apoptosis is engaged during development and tissue homeostasis, while necroptosis normally is not.
• Apoptosis has been implicated in immune suppression and promoting tumor growth.
• Necroptosis is engaged during infection and following specific cell stress signals.
• Necroptosis is associated with inflammatory cytokine production and priming of adaptive immune responses.
Open questions
• How does necroptosis engage inflammation and adaptive immunity, and how does this differ from apoptosis or unprogrammed necrosis?
• Can therapies be found that preferentially trigger immunogenic programmed cell death, such as necroptosis, in tumor cells?
• What therapies maximize the immunogenicity of apoptosis, a classically nonimmunogenic form of cell death?
Introduction
Programmed cell death (PCD) is required for normal growth and development, and maintenance of tissue homeostasis; in these contexts, cell death generally occurs via classical apoptosis. Additionally, evolution has selected for alternate forms of PCD not engaged during development but instead occur in response to pathogen exposure or during cellular stress. Such PCD include necroptosis, pyroptosis, ferroptosis and others, though importantly apoptosis can also be triggered by similar stimuli. Distinct forms of PCD are defined by both specific signaling molecules activated downstream of death-inducing stimuli as well as characteristic morphologies of dying cells following initiation of these programs. This is in contrast to unprogrammed lytic necrosis, or cell death due to loss of plasma membrane integrity mediated by physical stress, which releases cellular contents into the extracellular space independent of any signaling cascades. Several reviews have extensively covered the signaling requirements for distinct PCD pathways [1] [2] [3] [4] [5] [6] [7] [8] [9] .
Although molecular mediators of each PCD pathway have been identified, the field has only recently focused on how the immune system mechanistically differentiates between these death modalities. In particular, the effects of inflammatory or immunogenic PCD on the initiation of antitumor immune responses are just beginning to be defined. This review focuses primarily on apoptosis and necroptosis as (1) they represent two extremes on the PCD spectrum in terms of inflammation, (2) they often directly antagonize each other, and (3) there is a strong body of evidence for their roles in cancer from which to draw. Abbreviated discussion of the signaling pathways for these two forms of PCD are included below and summarized in Fig. 1 .
Apoptotic signaling
Apoptosis is the major cell death pathway engaged during development and tissue homeostasis, but can also be induced downstream of certain cellular stresses such as infection. There are two pathways for apoptosis engagement-either extrinsic or intrinsic-that are summarized in Fig. 1 and extensively reviewed elsewhere [1, 2, [10] [11] [12] [13] [14] [15] . Both result in activation of cysteine proteases, termed caspases, which trigger cell death with characteristic morphology involving nuclear condensation and membrane blebbing. Binding of death receptor family members by their cognate ligands leads to pleiotropic signaling that can promote either survival, extrinsic apoptosis, or necroptosis, depending on the inhibition of proapoptotic caspase-8 homodimer complex and/or pronecroptotic RIPK1-RIPK3 hetero-oligomer. Upon inhibition of prosurvival NF-κB signaling, the apoptotic caspase-8 complex dominates signaling, leading to downstream activation of executioner caspases -3 and -7 and subsequent induction of apoptosis. Intrinsic apoptosis occurs following mitochondrial perturbation leading to cytochrome c release and subsequent caspase-9 apoptosome complex formation, which converges upon the activation of executioner caspases -3 and -7. Cytotoxic T lymphocytes (CTL) also trigger intrinsic apoptosis by perforin-mediated delivery of granzyme B. In the presence of caspase inhibition, the RHIM−RHIM domain interactions allow for assembly of RIPK1-RIPK3 hetero-oligomers, and necrosome signaling dominates. This leads to (1) phosphorylation and activation of the pore-forming executioner MLKL, and (2) de novo inflammatory gene expression by necroptotic cells through poorly defined mechanisms. Aside from extrinsic death receptor signaling, the RIPK1-RIPK3 necrosome complex can also be activated through virus-or bacteria-induced TLR3/4 signaling in conjunction with the adaptor molecule TRIF, or upon activation of the intracellular sensor DAI during certain viral infections Extrinsic apoptosis can be engaged downstream of death receptor (DR) signaling at the plasma membrane, including binding of TNF to TNFR1/2, FasL−Fas interactions, or TRAIL-TRAIL-R activation, though the exact signaling pathways they engage are distinctive. Extrinsic apoptosis requires recruitment of the adaptor protein Fas-associated death domain (FADD), which activates the apical signaling enzyme caspase-8 through formation and autocatalytic stabilization of caspase-8 homodimers. Cleaved caspase-8 homodimers can then directly activate executioner caspases, caspase-3 and caspase-7, or activate mitochondrial apoptosis via cleavage of Bid. Executioner caspases-3 and-7 cleave aspartate residues in a wide variety of intracellular proteins, leading to catastrophic loss of cellular function and cellular dismantling [10] . DR signaling does not exclusively trigger apoptosis; indeed, NF-κB and mitogen-activated protein kinase (MAPK)-dependent transcription downstream of DR ligation can actively suppress DR-induced apoptotic signaling. The caspase paralog cFLIP is another notable target of DR-mediated transcriptional signaling [16] . In some contexts, it forms a suppressive heterodimer with caspase-8, preventing further proapoptotic signaling [17] . DR-induced apoptosis can also be blocked by inhibitor of apoptosis (IAP) E3 ligases or by Fas apoptosis inhibitory molecules (FAIMs). Taken together, a paradigm emerges that DR engagement triggers diverse inflammatory transcriptional programs; apoptosis occurs upon relief of cFLIP-, IAP-, and/or FAIM-mediated inhibition.
Intrinsic apoptosis converges on the same executioner caspases, caspases -3 and -7, but differs from extrinsic apoptosis with respect to upstream signaling [1, 2] . Intrinsic apoptosis can be initiated by a variety of cellular stressors such as growth factor withdrawal, replication stress, DNA damage, and ER stress. Such stressors modulate Bcl-2 proteins. The Bcl-2 family includes both pro-and antiapoptotic members, and the balance between these constituents determines cellular commitment to apoptosis. Proapoptotic Bcl-2 family members Bax, Bak and/or Bok mediate mitochondrial outer membrane permeabilization (MOMP), which releases cytochrome c (cytoC) from the mitochondrial intermembrane space into the cytosol [18] . Release of cytoC induces oligomerization of Apaf-1 in complex with the apical caspase of intrinsic apoptosis, caspase-9, to form a complex termed the "apoptosome" [13, 19] . Caspase-9 then activates executioner caspases -3 and -7, triggering cell destruction. Notably, this mitochondrial pathway can also be engaged by extrinsic apoptosis through caspase-8-mediated activating cleavage of proapoptotic Bcl-2 family member Bid.
The morphology of extrinsic or intrinsic apoptotic death is essentially the same [11] , as apoptotic cells undergo chromatin condensation and DNA cleavage accompanied by cellular shrinkage. The cell dissociates into membranebound vesicles termed apoptotic bodies, which neatly package intracellular contents and dying cell organelles away from the extracellular space. These apoptotic bodies, coated in "eat-me" signals such as phosphatidylserine (PS) and calreticulin (CRT), are rapidly cleared by phagocytes through a process known as efferocytosis [20, 21] . Notably, because apoptosis occurs under homeostatic conditions, efferocytosis is typically viewed as noninflammatory (Fig. 2a) . Indeed, mutations in genes associated with the proper packaging, recognition, and breakdown of apoptotic cells in the absence of any other infection or damage signals are associated with a break in immunological tolerance and manifestation of autoimmune disorders including systemic lupus erythematosus [22] [23] [24] .
Necroptotic signaling
In contrast to apoptosis, necroptosis is a more recently defined lytic form of PCD. While apoptosis depends on caspase activation, necroptosis requires activation of receptor-interacting protein kinases RIPK1 and RIPK3 (Fig. 1) . Interestingly, RIPK1 is one of the adaptor proteins recruited to activate DR leading to NF-κB-dependent gene expression [25] . As noted previously, NF-κB signaling leads to formation of inhibitory cFLIP/caspase-8 heterodimers that prevent caspase-8 activation and subsequent extrinsic apoptosis. Notably, this heterodimer also suppresses necroptosis by inhibiting formation of RIPK1/RIPK3 heterodimers, which interact via RIP homotypic interaction motif (RHIM) domains present on both RIPK1 and RIPK3 [5, 26, 27] . Thus, necroptosis downstream of DR ligation requires inhibition of caspase-8 through either viral effector proteins (such as the vICA protein encoded by MCMV) [28] , pharmacological inhibitors (such as pan-caspase inhibitors zVAD-fmk or QVD-OPh), or possibly by loss of caspase-8 (observed in neuroendocrine cancers and others) [29] . In addition to DR signaling, evidence suggests RIPK3 can be activated downstream of viral sensing by the receptor DAI [28, 30] , viral nucleic acids detected by TLR3 [31, 32] , or bacterial lipopolysaccharide sensed via TLR4 [33] .
Once RIPK3 is activated it engages in pleiotropic signaling that appears to be highly cell type-and contextspecific (reviewed in ref. [34] ). Classically, RIPK1−RIPK3 interaction through RHIM domains aggregates into a multiprotein signaling complex variously termed the "necrosome" or "ripoptosome". RIPK3 then phosphorylates the necroptosis executioner molecule mixed lineage kinase-like (MLKL) [35] . Phosphorylated MLKL forms homoheptameric pore-forming complexes which insert into cell membranes allowing cation entry and subsequent influx of extracellular fluid due to differences in osmolarity [36] . This influx is rapidly followed by catastrophic rupture of the plasma membrane and release of intracellular contents.
Thus, necroptosis is a lytic cell death program in sharp contrast to apoptosis; there is limited compartmentalization of organelles, and no ordered packaging of cell-associated debris for clearance by professional phagocytes. Necroptotic lysis releases several known immunogenic molecules, termed damage-associated molecular patterns (DAMPs), which can stimulate innate immune pattern recognition receptors (PRRs). Such DAMPs include self-nucleic acids that interact with PRRs typically associated with detecting viral DNA such as cGAS/STING [37] , polymerized actin that can be recognized by Clec9a/DNGR1 [38, 39] , HMGB1 that activates RAGE [40, 41] , ATP that activates P2X7 [42, 43] , and CRT that activates CD91 [44, 45] .
Originally, immune stimulation by necroptosis was primarily attributed to this release of DAMPs and subsequent activation of PRRs. However, the pattern of DAMPs released is virtually indistinguishable from other lytic forms of cell death including unprogrammed necrosis, or cell rupture following caspase-1-dependent pyroptosis [46] . Growing evidence indicates that necroptosis drives immune responses independent of-or in addition to-lytic MLKLmediated death through other ripoptosome signaling [33, [47] [48] [49] [50] . Mice lacking caspase-8 are embryonic lethal due to RIP kinase-induced necroptosis; additional loss of MLKL or RIPK3 results in viable offspring but subsequent development of autoimmune disorders, with earlier onset in MLKL-deficient mice implicating MLKL-independent Fig. 2 Contribution of apoptosis and necroptosis to inflammation and immunogenicity during infection and tumorigenesis. a During pathogenic infection, stimulation of apoptosis or necroptosis in infected cells leads to the production of a variety of inflammatory mediators in conjunction with removal of the pathogen's intracellular replicative niche, enabling pathogen control and promoting clearance. Additional inflammatory signals derived from RIPK3 activation and release of damage-associated molecular patterns (DAMPs) due to necroptotic cell lysis lead us to believe that necroptosis is a more potently immunogenic form of PCD during pathogen infection. Signals derived from apoptotic cells can also promote the resolution of inflammation, allowing for infected tissues to return to homeostatic conditions. Note that no known role has been defined for necroptosis in promoting the control of tissue immunopathology in the context of infection. b Apoptosis and necroptosis may promote analogous responses in the tumor microenvironment, although this has been examined less extensively within the cell death signaling field. Both apoptotic and necroptotic tumor cells can serve as a source of tumor-associated antigens, as well as induce NF-κB signaling. As with pathogenic infection, necroptotic cells can also serve as a source of RIPK3-dependent inflammatory genes (such as chemokines and cytokines), as well as cell-associated immunostimulatory DAMPs; all of these factors may contribute to necroptotic cells providing predominantly immunogenic signals within the tumor microenvironment. Conversely, there is evidence for protumorigenic roles of signals derived from both apoptotic as well as necroptotic (or necrotic) tumor cells effects of RIPK3 [47] . In a vaccination model, the ability of necroptotic cells to cross-prime antigen-specific cytotoxic CD8 + T cells (CTL) required RIPK1-mediated NF-κB activation for production of proinflammatory cytokines and chemokines [48] . In this system, necroptotic cells incapable of signaling via RIPK1 due to disrupted RHIM binding still died following RIPK3/MLKL activation, with lytic DAMP release, but failed to cross-prime. During West Nile virus infection in the brain, RIPK3 activation produced proinflammatory chemokines that mediated leukocyte recruitment which was required for viral control [49] . Notably, this therapeutic effect of RIPK3 activation occurs independently of necroptotic death, as infected neurons are resistant to RIPK3-dependent lytic cell death. Although the mechanisms whereby RIPK1 and/or RIPK3 upregulate proinflammatory gene expression remain to be elucidated, it has become apparent that this regulation contributes to necroptotic cell immunogenicity independent of lytic cell death and DAMP release. Because necroptosis appears to have evolved as an antiviral form of cellular suicide, the current model is that necroptosis both eliminates a pathogen's replicative niche through deletion of infected cells while simultaneously providing a burst of de novo inflammatory signaling for recruitment and activation of leukocytes to the site of necroptotic cell death [6, 51] (Fig. 2a) .
Endogenous engagement of PCD in the tumor microenvironment during tumorigenesis and tumor progression
Cancer represents a particular challenge when considering the impact of cellular death; various environmental pressures have been placed on cancer cells to suppress one or more death pathways as they undergo continuous rounds of proliferation driven by dysregulated signaling and extensive mutation. This section summarizes what is known about endogenous engagement or activation of PCD, and how these processes impact oncogenesis.
Apoptosis is commonly engaged, and evaded, during oncogenesis
As the first PCD pathway described, apoptosis is wellstudied in cancer; due to the commonality of this occurrence, avoiding apoptosis is considered one of cancer's defining hallmarks [52] . Cancer cells can downregulate or block apoptotic signaling through regulation of protein expression, protein−protein interactions, as well as metabolic regulation [53] [54] [55] . Major targets of this regulation include: loss or inhibition of transcription factor p53 that normally drives proapoptotic gene expression following cellular stress or damage [56] , overexpression of antagonists to either extrinsic or intrinsic apoptotic pathways including increased expression of cFLIP and prosurvival BCL-2 protein family members [54, 55] , and induction of the transcription factor hypoxia-inducible factor-1 (HIF-1) contributing to prosurvival metabolism, increased angiogenesis, and immune suppression [53, 57, 58] . This antiapoptotic regulation is not necessarily a direct cause of cancer but instead contributes to therapeutic resistance and disease progression in many cancer types.
The immune system also contributes selective pressure toward evasion of apoptosis. This process has been defined as "immunoediting" and encompasses the concepts of elimination (early immune clearance of abnormal cells), equilibrium (a balance of immune resistance and immune stimulation), and escape (eventual outgrowth of tumors due to successful immune evasion or immunosuppression) [54, 59] . Early during oncogenesis, abnormal cells expressing mutated or modified proteins can stimulate immune responses by CTL, while overexpression of stress-related surface proteins or downregulation of HLA can stimulate NK cells. CTL and NK cells use similar methods to induce cancer cell death; they release perforin and granzyme B into target cells to stimulate intrinsic apoptosis, or engage FasL-Fas to trigger extrinsic apoptosis. However, as described earlier, cancer cells have multiple mechanisms to subvert these apoptotic pathways and can thereby become resistant to immune attack [60, 61] . Additionally, inflammatory events following immune recognition and activation, particularly production of interferon gamma (IFNγ), contribute to increased expression of PD-L1 on cancer cells [62] . PD-L1 is the ligand for PD-1, a negative regulatory receptor expressed on T cells including CTL. Engagement of PD-1 leads to suppressed T-cell function and even T-cell apoptosis [62] . Thus, cancer clones may be selected that are resistant to immune-mediated apoptosis, while simultaneously inducing apoptotic death in responding lymphocytes.
Despite early pressures to lose proapoptotic signaling, new work highlights the contribution of apoptosis to cancer progression [12, 63, 64] (Fig. 2b) . Tumors with high rates of spontaneous apoptotic death exhibit increased angiogenesis, increased risk of metastasis, and reduced patient survival, though these effects may be tumor type-specific [12, 63] . Apoptosis downstream of DNA-damaging agents has been implicated in lymphomagenesis due to the forced cycling of progenitor cells [65, 66] . Engulfment of apoptotic debris by macrophages, as well as signaling by the caspase-3-dependent prostaglandin E2, increases macrophage production of vascular endothelial growth factor and matrix-metallo-proteinases responsible for extracellular matrix remodeling and implicated in metastatic progression [12] . Furthermore, apoptotic cell-derived prostaglandin E2 has also been implicated in promoting proliferation of surviving tumor cells following radiotherapy [63] . PS on the surface of apoptotic bodies allows binding of clotting factors to induce the coagulation cascade, which further contributes to a tumorigenic "wound healing" program in macrophages. Additional "find me" signals expressed during apoptosis such as CX3CL1 and lactoferrin have been associated with angiogenesis and promoting oncogenic receptor signaling [63, 64] . Expression of "don't eat me" molecules such as surface protein CD47 on cancer cells can inhibit phagocytosis by signaling through SIRPα, a receptor of the immunoglobulin superfamily, on myeloid cells [64] , reducing uptake of tumor-associated antigens for priming CTLs. While CD47 is overexpressed on many cancer cells, it is unclear how cancer cell death might regulate CD47 expression and function [64] . Thus, a complicated relationship exists between initial selective pressures to lose apoptotic sensitivity, followed by later protumor benefits provided by immune suppressive or modulatory effects of excessive apoptotic death.
Nonprogrammed cell death in the tumor environment
Apoptosis is not the only form of cell death commonly associated with tumors, as solid tumors often harbor regions of necrotic tissue. However, it is difficult to determine signaling events preceding apparent necrosis-necrotic regions may result from PCD, such as secondary necrosis following apoptotic death, or from non-PCD following physical loss of membrane integrity due to factors such as metabolic byproducts or high interstitial pressure. There are no good markers to distinguish between residual debris generated by nonprogrammed necrotic death and late-stage debris generated by PCD discussed in this review. The distinction largely relies on morphological assessment to rule out apoptosis through the lack of apoptotic bodies, chromatin condensation, blebbing, or cytoplasmic vacuolization [1] .
Tumor necrosis aligns closely with areas of hypoxia, suggesting this is a primary driver of necrosis [67] . As noted earlier, hypoxia would normally trigger apoptosis, but in some cancer cells, disruption of apoptotic signaling prevents normal cell death progression, resulting in cytoC release without activation of caspases and eventual necrosis [68] . The extent of tumor necrosis typically associates with negative prognoses across a variety of tumor types, as necrosis correlates with tumor size and grade, lymph node metastasis, and angiogenesis, suggesting that the presence of necrotic tissue is detrimental to antitumor responses [67] . Some of these effects may be attributable to the overexpression of HIF-1 often detected surrounding these regions [69, 70] .
Roles for necroptosis during oncogenesis
In contrast to apoptosis, there is less evidence supporting engagement of endogenous necroptotic signaling within tumor cells. Necroptosis is a more recently described form of PCD typically studied in the context of viral infection; as such, cancer biology researchers may not be aware of the vagaries of defining necroptosis within the tumor microenvironment. This is further complicated by the fact that necroptotic cells can be difficult to detect in vivo [71] [72] [73] . The only necroptosis-specific readouts are phosphorylation of RIPK3 and/or MLKL, both of which are transient events only detectable in a narrow time window between initial engagement of necroptotic signaling and breakdown of necroptotic cells. More thorough characterization of necroptotic signaling proteins within human or murine tumors will be needed to determine whether endogenous necroptosis is engaged across different tumor models.
Despite obstacles to detection, there is promising evidence that engagement of immunogenic RIPK3 signaling within tumor cells could benefit antitumor immunity. In a recent screen of over 60 murine cancer cell lines, the majority of nonhematopoietic lines lacked RIPK3 protein expression; mechanistically, this silencing was attributed to inhibitory methylation of the Ripk3 promoter [74] . Indeed, RIPK3 protein expression was similarly silenced in samples from human AML and breast cancer patients [74] . Additionally, RIPK3 mRNA is decreased in human colorectal cancer (CRC) tissues compared to healthy colon controls [75] , and loss of RIPK3 is associated with tumor progression in CRC [76] . Conversely, increased expression of RIPK3 positively correlates with favorable outcomes in a variety of human tumors, including HPV + cervical cancer [77] and AML [78] . Consistent with the idea that RIPK3 expression promotes antitumor responses, the locus of the RIPK3 gene (chromosome 14q11.2) [79] is frequently mutated in several types of neoplasia, including nasopharyngeal carcinoma [80] and acute lymphoblastic leukemia [81] , although it remains to be determined whether these mutations are specifically within the RIPK3 gene. Notably, complete loss of necroptotic components such as RIPK3 and MLKL does not result in spontaneous carcinogenesis [35, 82, 83] , although combined loss of both necroptotic and apoptotic machinery results in lymphoproliferative disorders [26, 27, 47] . Collectively, these findings indicate that necroptotic signaling may exert a selective pressure during oncogenesis, whereby necroptosis-resistant clones are selected during immunoediting and subsequent immunoevasion. This offers a conceptually parallel selection mechanism as defined for the preferential outgrowth of apoptosis-resistant tumor cells [52, 55, 84] . Clones that lack signaling components required for multiple forms of PCD would have a considerable survival advantage over their apoptosis-or necroptosis-competent counterparts. In light of this, it is intriguing to consider therapeutic strategies for reconstituting tumor cells with PCD signaling components lost during selection to restore their ability to undergo immunogenic cell death programs. These findings also raise the question of which aspects of oncogenic transformation, tumor formation, and metastasis may engage necroptotic signaling to account for the apparent pressure against this pathway in tumor evolution.
Conversely, other groups have shown a protumorigenic role of RIPK3 signaling within tumors. In human pancreatic ductal adenocarcinoma (PDAC) samples, RIPK1, RIPK3, and CXCL1 were highly expressed compared to healthy pancreatic tissue [85] . Interestingly, Ripk3 −/− mice were protected from PDAC tumor progression, which was associated with decreased CXCL1-dependent intratumoral infiltration of immunosuppressive myeloid-derived suppressor cells (MDSCs) and macrophages in conjunction with increased activation of tumor-infiltrating CTLs [86] . Furthermore, RIPK1 activation in murine B16.F10 primary melanoma tumors was associated with increased vascular permeability through p38/HSP27 activation, which enables tumor cell extravasation and dissemination throughout the vasculature, promoting metastasis [87] . Beyond direct evidence of protumorigenic RIPK1/ RIPK3 signaling, others have reported adverse prognoses associated with DAMPs released by lytic death. STING activation and type I IFN production promote oncogenesis in some settings [88] , and even induction of immunological tolerance of tumor cells through downstream production of suppressive immune modulators including IDO, IL-10, and TGF-β [89, 90] . Lastly, elevated extracellular potassium ion concentrations in areas of melanoma tumor necrosis suppress Akt-mTOR signaling and disable the function of intratumoral CTL [91] , identifying an additional mechanism by which tumor necrosis promotes tumor survival by actively inhibiting CTL. Together, these papers identify a variety of mechanisms in which necroptotic signaling and its downstream byproducts may potentiate tumor subversion of the immune system.
Clearly, this second set of findings highlights the heterogeneous effects of RIPK1/RIPK3 signaling and its variability between immune, stromal, and tumor cell types, and how this affects the tumor microenvironment (Fig. 2b) . It further stresses the paradoxical role of inflammation in the context of tumor immunity: although the established tumor microenvironment is typically viewed as immunosuppressive, proinflammatory signals are strongly implicated at various points during tumorigenesis and metastasis [92] . Therefore, it is likely that the specific combination of inflammatory signals derived from necroptotic cells, and the role they play in either promoting or suppressing antitumor immune responses, will prove to be context-specific [93] [94] [95] [96] [97] . We stress an outstanding need for thorough characterization of downstream RIPK3 signaling effects across different cell types, and across diverse categories of neoplasia, in consideration of whether immunogenic PCD such as necroptosis could confer an overall therapeutic benefit to the patient.
Therapies targeting specific PCD pathways in tumors and their effects on tumor immunity
The primary goal of most cancer therapies is induction of tumor cell death to the point of tumor elimination and cure. With increasing awareness of therapy-induced immune responses, it is important to ask whether the specific form of induced PCD affects the longevity of tumor clearance following therapy-induced tumor debulking. This section will review methods of inducing specific forms of PCD and known immunogenic outcomes. These therapeutic approaches are also summarized in Table 1 .
Specific inducers of apoptosis
Therapeutic agents have been developed to specifically trigger apoptosis by targeting the regulatory pathways that limit apoptotic death in cancer cells, primarily targeting BCL-2 proteins and IAPs. Structural mimetics of the BH3 domains of BCL-2 proteins have been developed to antagonize the antiapoptotic BCL-2 family members [98] [99] [100] [101] . While highly promising, their efficacy has been restricted by the inability to target them to specific cell types (i.e. cancer cells) without inducing apoptosis in healthy bystanders. Indeed, the ability of BH3-only proteins to induce death of immune cells has led to their proposed use as immune modulators during transplantation, graft versus host disease, and autoimmunity [101] . SMAC mimetics target cIAP family members and the endogenous inhibitor of caspases, XIAP [102] . SMAC mimetics bind to cIAPs and prevent their ability to inhibit caspases, but also stimulate cIAP auto-ubiquitination and degradation, thereby sensitizing cells to apoptotic death downstream of DR signaling [102] . Thus, combining SMAC mimetics with other death agonists improves the induction of cancer cell death. SMAC mimetics may also be capable of inducing necroptosis when coupled with caspase inhibition, potentially enhancing the immunogenicity of this therapy. However, as with BH3 mimetics, a lack of tumor cell specificity, and ancillary effects within the noncanonical NF-κB pathway, have limited their clinical success.
Induction of immunogenic apoptosis
Most standard-of-care anticancer therapies appear to induce apoptosis; however, a select few do so in an Hypericin-photodynamic therapy Cellular sensitization to light and ROS production leading to cellular damage "immunogenic" way. This includes traditional chemotherapies such as anthracyclines [103] , the protease inhibitor bortezomib [104] , the platinum derivative oxaliplatin [105] , as well as gamma-irradiation [106] and hypericin-photodynamic therapy [107] . While demonstrating caspase activation and apoptotic morphology, such therapies also trigger the release of DAMPs not normally associated with apoptosis such as CRT, HMGB1, ATP, type I IFN, nucleic acids, and annexin A1 [1] . Additionally, certain chemotherapies increase the expression of tumorassociated antigens, while upregulating expression of HLA and requisite processing machinery [108] . The exact signaling events determining immunogenic versus nonimmunogenic apoptosis are still under investigation, but potentially rely on elements of the ER stress response and intact exocytosis pathways [1] .
Irradiation is of particular interest in triggering cancer death as it benefits from combination therapies with the immune checkpoint blocking antibody, anti-CTLA-4, contributing to abscopal tumor control [108, 109] . However, irradiation induces both apoptotic and necrotic death, and there may be an important distinction between the immunologic outcomes depending on which form of death dominates. Lowering the overall radiation dose as well as delivering this radiation in smaller fractions, rather than as a single dose, can increase the proportion of apoptotic death induced and better correlates with immune-mediated protection [108] . The exact signaling pathway whereby irradiation triggers apoptosis, necrosis, or other PCD is not clear based on clinical evidence; however, the form of death may also depend on the p53 status of tumor cells at the time of therapy. Abnormal p53 expression/function disrupts the ability of cells to respond appropriately to irradiationinduced DNA damage (by undergoing rapid apoptosis) and instead cells may proceed through the cell cycle unchecked, potentially resulting in delayed apoptosis, cellular senescence, or even activation of the necroptotic pathway [110] .
Recent work has highlighted strategies to render apoptosis immunogenic by blocking aspects of its execution that silence the immune response to apoptotic cells. Genetic ablation of the executioner caspases was found to arrest rapid apoptosis, instead leading to engagement of STINGdependent IFN signaling due to release of mitochondrial DNA [111, 112] . Given this finding, subsequent efforts combined intrinsic apoptosis inducing BH3 mimetics with pharmacologic caspase inhibition. This combination induced MOMP but arrested apoptosis execution, instead engaging immunogenic STING signaling [113] . Importantly, this inhibition of executioner caspases does not rescue cell viability, as MOMP represents a cellular "point of no return". Rather, this strategy redirects apoptosis from a rapid immunosuppressive program to a slow, potentially immunogenic form of cell death. Clinical evidence is needed to show whether apoptosis-targeting therapies augment the immunogenicity of cell death in tumors, but the possible synergy between these strategies and immune checkpoint inhibitors is tantalizing.
Specific targeting of necroptosis
As discussed previously, extrinsic necroptosis requires DR engagement in the presence of caspase inhibition; accordingly, it is difficult to induce necroptosis in tumor cells without off-target toxicity associated with global caspase inhibition [114] [115] [116] . Furthermore, therapies targeting endogenous necroptotic signaling operate under the assumption that tumor cells have intact necroptotic signaling components. However, as discussed above, there is evidence for RIPK3 silencing or loss in many different tumor types. Nevertheless, pharmacologic compounds that stimulate necroptosis represent an alternative strategy for killing tumor cells resistant to apoptotic stimuli [117] . Examples of such compounds are highlighted in Table 1 .
Several compounds have been shown to induce necroptosis in cancer cell lines in vitro. This includes the antimicrobial peptide HPA3P [118] , the natural product Shikonin [90, [119] [120] [121] , and several strategies using SMAC mimetics combined with IFNγ [122] , pan-caspase inhibitor zVAD [123] , or demethylating agents and zVAD [124] . Cell culture models have also provided evidence of RIPK3 and/or MLKL activation following chemotherapy such as cisplatin [125, 126] or oxaliplatin [127] .
The advantage of studying necroptosis in cell lines is the ability to confirm the specific activation of necroptotic signaling components; however, these studies do not account for off-target toxicity, or questions concerning pharmacokinetics and drug availability within the tumor microenvironment. A limited number of in vivo studies are beginning to show promising results using these therapies. In a model of multiple myeloma, the SMAC mimetic LCL161 triggered inflammatory cytokine secretion and activation of antitumor immune responses independent of direct tumor toxicity, which supported observations of durable antimyeloma responses in LCL161-treated patients [128] . Treatment of caspase-8-deficient murine CRC tumors via intratumoral injection of LCL161 led to tumor regression; notably, these effects were seen both in hereditary murine ApcMin/+ tumors as well as a xenograft model of human HT-29 tumor cells [129] . Furthermore, tumor control by LCL161 required both caspase-8 deficiency and RIPK3 expression in tumor cells, implying that these tumors were genetically sensitized to undergo necroptosis downstream of SMAC mimetic administration. Another group showed that Shikonin treatment of preclinical osteosarcoma cells induced RIPK1-dependent cell death in vitro, and that administration of Shikonin to intratibial osteosarcoma-bearing mice reduced both the size of the primary tumor as well as the number of lung metastases, prolonging animal survival [119] . As the mechanisms underlying Shikonin-induced necroptosis remain relatively poorly characterized, future investigation into the mechanism of action of Shikonin should include evaluation of caspase-8 and cIAP expression within the targeted tumor cells.
Overall, these results highlight the need to screen patient tumors to confirm the presence of intact necroptotic signaling pathways and/or caspase deficiency prior to administration of pronecroptotic stimuli. Alternatively, exploring possible strategies to reinstate expression of necroptotic signaling components within tumor cells could represent another therapeutic target. Historically, work in the tumor gene therapy field has focused on using viral vectors to transduce tumor cells in situ to enforce expression of a wide variety of antitumor effectors, including inflammatory cytokines [130] [131] [132] , Flt3L [133] [134] [135] , CD40L [136, 137] , HLA re-expression [138] , tumor suppressors [139] , as well as suicide genes [140, 141] . Considering this evidence of success, one can envision future gene therapy strategies aimed at transducing tumor cells in situ to enforce expression of immunogenic cell death signaling components. Tumor cells could be rendered susceptible once again to apoptosis-or necroptosis-inducing stimuli to which they were previously refractory. Indeed, tumor cells reconstituted with activatable caspase-9 [142] or caspase-3 [143] via adenoviral gene delivery became sensitized to apoptosis in vivo, demonstrating that this approach could be successful in tumor immunotherapy.
Outstanding questions/future perspectives
While our understanding of immunogenic PCD has greatly expanded in recent years, important questions integrating this understanding with tumor immunotherapy remain.
Could PCD "warm" tumors ahead of immunotherapy?
Multiple studies have shown that the efficacy of immunotherapies such as immune checkpoint inhibition can be substantially improved upon coadministration with classic inducers of tumor cell death such as irradiation or cryotherapy [109, [144] [145] [146] . Considering the proinflammatory functions of RIPK1 or RIPK3 signaling, specifically inducing necroptosis may represent a more potently immunogenic form of cell death. This is particularly interesting in the context of immunologically "hot" versus "cold" tumors, which are defined by differential tumor infiltration of leukocytes, particularly CTLs [147, 148] . There are several mechanisms by which tumors exclude immune cell infiltration [149] [150] [151] . Notably, patient responsiveness to tumor immunotherapy often requires a T-cell-inflamed phenotype [152] [153] [154] [155] . Activation of either RIPK1 or RIPK3 leads to upregulation of inflammatory chemokines [48, 49] , including CXCL9 and CXCL10, which drove chemotactic recruitment of CXCR3 + CTL into brains of WNV-infected mice [49] . If RIPK3 activation within tumors results in a similar induction of inflammatory chemokines and subsequent leukocyte infiltration, this could "warm" immunologically "cold" tumors, rendering them responsive to immunotherapies. Indeed, presence of intratumoral chemokines such as CCL2, CCL4, CXCL9, and CXCL10 positively correlates with CTL infiltration [156] . In evaluating the feasibility of incorporating necroptosis-inducing drugs into existing immunotherapy regimens, more studies in vivo are required to assess tumor cell specificity and overall efficacy of these therapies.
How can knowledge of PCD signaling benefit tumor immunology?
The tumor immunology field lacks a comprehensive understanding of how distinct PCD within tumors differentially modulates downstream immune responses. Considering advances in defining specific PCD signaling programs, in conjunction with recent efforts to stimulate innate immune pathways as targets of tumor immunotherapy, it would appear that the field is ready for more extensive interrogation of different forms of PCD. This is no trivial undertaking, as the complex signaling programs regulating PCD are likely to have considerable variation not only across healthy tissue and cell subsets, but also across different types of cancers, and exhibit further heterogeneity among patients due to genetic and environmental factors [157] . In summary, specific modulation of PCD within the tumor microenvironment represents a relatively poorly explored immunotherapeutic target. In considering the current immunotherapy landscape (Fig. 3) , tumor cell death constitutes the most proximal event in the generation of an immune response against dying cell-derived antigens. Optimized combinations of PCD targeting and immunotherapy will likely act upon different stages of antitumor immune responses [144, 149] . One can envision future combination therapies whereby induction of (a) maximally immunogenic tumor cell death is coupled with (b) modulation of tumor-associated antigen-presenting cells in conjunction with (c) immune checkpoint blockade to maximize CTL killing of any remaining tumor cells. Of course, coadministration of multiple antitumor drugs will need to be carefully balanced with the need to suppress systemic inflammation and off-target attacks, as highlighted by recent issues with neurotoxicity and cytokine release syndrome observed in some patients [158] [159] [160] . Nevertheless, the complex processes underlying tumor cell heterogeneity necessitate the expansion of treatments which can kill transformed cells that have escaped the selection pressures exerted by singular therapies to acquire immunotherapy resistance [161] . It is therefore an attractive hypothesis that targeting specific forms of immunogenic cell death may constitute a relatively unexplored orthogonal treatment modality in the future repertoire of tumor immunotherapies.
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